ABSTRACT Electrical penetration graph (EPG) monitoring is the most rigorous means of observation and quantiÞcation of feeding by piercingÐsucking arthropods. Previous EPG studies with aphids and leafhoppers have demonstrated that the X wave identiÞes when the stylets of these phloem ßuid-ingesting insects make contact with their preferred plant vascular cell, phloem sieve elements. This article presents the Þrst direct evidence of an X wave identifying ingestion from a xylem tracheary element by a xylem ßuid-ingesting type of leafhopper Homalodisca liturata Ball (Hemiptera: Cicadellidae: Cicadellinae), whose waveforms are nearly identical to those of the glassy-winged sharpshooter, Homalodisca vitripennis (Germar). We document consistent association of the sharpshooter X wave with salivary sheath termini in xylem, especially ligniÞed secondary xylem cells, and absence of the X wave in the rare instance of ingestion from a nonxylem cell. The sharpshooter X wave is a complex, multicomponent waveform, composed of X wave-speciÞc variants of waveform subtypes B1w (representing salivation), B1s (representing precibarial valve movement for tasting), types C1 (a new waveform type that may represent egestion) and C2 (a new designation for the waveform type representing ingestion/cibarial pumping). It is proposed that the sharpshooter X wave represents a blended suite of behaviors that function to 1) physically seal stylet tips into the cell via sheath salivation, 2) repeatedly taste then eject (egest) chemical constituents of the cell to determine acceptability, and 3) mechanically test the strength of the stylet seal via trial cibarial pumping (ingestion). It is further hypothesized that the X wave represents vector behaviors that control inoculation of the PierceÕs disease bacterium, Xylella fastidiosa. The ingestion-(salivation and egestion) hypothesis is stated for the mechanism of transmission of X. fastidiosa.
Sharpshooters (Hemiptera: Cicadellidae: Cicadellinae) are large, xylem ßuid-ingesting leafhoppers that are capable of transmitting (i.e., acquiring and inoculating) the bacterium Xylella fastidiosa, the causative agent of PierceÕs disease (PD) of grape (Vitis spp.) and other leaf scorches into host plants. The glassywinged sharpshooter, Homalodisca vitripennis (Germar), formerly Homalodisca coagulata (Say) (Takiya et al. 2006) , is an exotic, economically important vector of X. fastidiosa in California on host plants such as oleander, almond, citrus, and nursery trees (Redak et al. 2004) . These crops and others in California are at risk of epidemic PD due to introduction of H. vitripennis. Efforts are underway to develop host plant resistance to the vectorÕs ability to transmit of X. fastidiosa; however, lack of fundamental understanding of the transmission mechanism and its impact on PD epidemiology currently impedes progress.
For the past 6 yr, Backus and colleagues have been researching the basic question of how sharpshooter feeding controls transmission (especially inoculation) of X. fastidiosa, with the goals of deÞning the speciÞc inoculation behaviors and identifying the instant of inoculation during the feeding process, in real-time. Our primary tool is electrical penetration graph (EPG) monitoring, the most rigorous and detailed method of observing and quantifying the feeding of piercingÐsucking arthropods (Walker 2000) . This study is the fourth in a series of articles that have 1) characterized the main sharpshooter waveforms (rep-resenting stylet penetration [probing] ) of the bluegreen sharpshooter, Graphocephala atropunctata (Signoret) (Almeida and Backus 2004) , and the glassywinged sharpshooter (Backus et al. 2005) ; 2) performed histological correlations to identify the host plant tissues in which each waveform occurs (Backus et al. 2005) ; and 3) performed correlations of waveforms with speciÞc stylet activities by observing stylet movements in transparent, artiÞcial diet (Joost et al. 2006) .
The present work builds on the previous studies by characterizing more waveform types, completing our histological correlations, and using them to hypothesize the mechanism of X. fastidiosa inoculation. The Backus et al. (2005) study left some unanswered questions such as: 1) During which ingestion events in a probe are the stylets deÞnitely in and ingesting from xylem? 2) Is there any point during stylet penetration, before ingestion ensues, when the stylets penetrate xylem cells? and 3) Can stylet penetration and ingestion speciÞcally from xylem cells be reliably determined via EPG waveforms alone, without histology? The speciÞc objectives of this study were to answer the above-mentioned questions, by histologically correlating individual pathway and ingestion events in identiÞed probes with cell type penetrated.
The ultimate goal of this study was to search for a putative "sharpshooter X wave." In EPG parlance, the X wave is a complex, stereotypically repeating pattern of waveforms that represents stylet contact and subsequent activities (such as ingestion or salivation) in a hemipteran speciesÕ preferred ingestion cell type; up to now, strictly phloem sieve elements. X waves are important because they, or their components, have been shown to control inoculation of noncirculative plant pathogens. Our study uses deductive, "bottomup" reasoning, by Þrst identifying when xylem elements were penetrated, the stylet activities that occurred at that time, then searching for a stereotypical waveform that could be called the X wave, and Þnally, hypothesizing its role in inoculation of X. fastidiosa.
The concept of the X wave as a landmark waveform was one of the earliest and most signiÞcant contributions of the original inventors of EPG Kinsey 1965, 1967) . McLean and Kinsey (1967) correlated both the aphid X wave and the regular, longduration waveform following it with stylet tips in a phloem sieve element, the preferred ingestion cell type of aphids. Years later, the very important potential drop (pd) waveform was discovered and correlated with intracellular punctures by aphid stylets, of both mesophyll/parenchyma cells along the stylet pathway and of phloem sieve elements (Tjallingii 2000) . Subtypes of the pd waveform have been Þrmly associated with acquisition and inoculation of nonpersistent viruses via ingestion and salivation, respectively (Powell et al. 1995 , Martin et al. 1997 , Fereres and Collar 2001 . These waveform concepts were brought together when Reese et al. (2000) identiÞed the pd plus a return to pathway activities (including salivation) as the portions, or waveform components (representing associated stylet activities) of the aphid X wave.
The uniqueness of the stylet activities during the aphid X wave was supported by the discovery that the pds immediately preceding sieve element phase (later termed R-pds; Tjallingii and Gabrys 1999) were longer in duration in some aphid species than pds elsewhere in the probe. R-pds are thought to represent intracellular punctures into phloem cells, as opposed to nonphloem cells along the pathway. Reese et al. (2000) also rediscovered the Þnding of McLean and Kinsey (1967) that their "X waves" (actually pathway pds) are recognizable during pathway, in addition to immediately preceding sieve element phase. However, because these partial X waves were correlated with intracellular punctures of mesophyll/parenchyma cells along the stylet pathway (McLean and Kinsey 1967) , rather than with sieve elements, Reese et al. (2000) felt their existence confused the deÞnition of X waves and did not advocate use of the term.
In contrast, we believe that the concept of the X wave has great practical and heuristic value for EPG researchers, if it is deÞned carefully and used as part of a broader, behavioral/ecological concept for hemipteran probing behavior. McLean and Kinsey, due primarily to the limitations of their instruments , Tjallingii 2000 , used a "top-down" research approach of identifying broad concepts and phases of stylet penetration, of necessity leaving the details to later researchers. Tjallingii and colleagues used the bottom-up approach of elegantly and painstakingly characterizing all waveform types and subtypes Þrst, then assembling their blended meanings into phases and concepts. Over time, these complementary styles have provided greater richness of information about aphid stylet activities than could either method alone. In light of this ultimate success, we have applied both top-down and bottom-up approaches to our studies of sharpshooter waveforms. The current study employs the bottom-up approach. Based on the evidence here, we advocate restored use of the X wave concept but more precisely deÞned than in previous literature.
The X wave concept has proven invaluable for EPG studies of leafhoppers and planthoppers. In recordings of 10 species of phloem ßuid-ingesting Deltocephaline leafhoppers (Triplehorn et al. 1984 , Rapusas and Heinrichs 1990 , Wayadande and Nault 1993 and one species of delphacid planthopper, Nilaparvata lugens Stål (Velusamy and Heinrichs 1986, Kimmins 1989) , researchers have identiÞed highly recognizable, species-speciÞc, stereotypically repeating waveforms that deÞnitively identiÞed sieve element penetration. They also found that long-duration waveforms following the X wave represent stylet activities occurring within the same sieve element.
None of the above-mentioned studies characterized the component waveform types and subtypes within their X waves. However, in one study, the Þne structure of leafhopper X waves was correlated with virus inoculation (Wayadande and Nault 1993) . X waves were statistically similar in appearance among even distantly-related vectors of Maize chlorotic dwarf virus (family Sequiviridae, genus Waikavirus, MCDV), whereas nonvectors had statistically dissimilar X waves. MCDV is a foregut-borne, semipersistently transmitted virus whose inoculation mechanism probably involves egestion (also termed extravasation; McLean and Kinsey 1984) . Wayadande and Nault (1993) postulated that some part of the X wave represents egestion (although it was termed extravasation in their article). Thus, because of the potential role and value of the leafhopper X wave for understanding vector transmission, there is a need to better understand the biological meanings of leafhopper X wave components and their represented stylet activities. Sharpshooters are excellent candidates for such studies, because their large body size allows physiological studies not possible with smaller insects (e.g., Dugravot et al. 2008) .
In the present work, we studied a proxy for the quarantined glassy-winged sharpshooter, its closely related native California congener Homalodisca liturata Ball (Hemiptera: Cicadellidae). We document for the Þrst time the existence of an X wave for a xylem ßuid-ingesting leafhopper, and we also present the ingestion-(salivation and egestion) hypothesis for transmission of X. fastidiosa by sharpshooters during the X wave.
Materials and Methods
Insect and Plant Rearing. Adult H. liturata were Þeld-collected on jojoba, Simmondsia chinensis (Schneid), in Riverside, CA, and maintained on one plant each of cowpea, Vigna unguiculata ssp. dekindtiana (Harms); sunßower, Helianthus annuus Nutt.; basil, Ocimum basilicum L.; and sorghum, Sorghum bicolor ssp. bicolor (L.) Moench, caged together. The insects and plants were maintained under greenhouse conditions at the USDAÐAgriculture Research Service (ARS), San Joaquin Valley Agricultural Sciences Center in Parlier, CA, as described in Dugravot et al. (2008) . Natural lighting was supplemented by artiÞ-cial light to achieve a photoperiod of 16:8 (L:D) h, with daytime temperatures from 24 to 29ЊC and overnight temperatures from 18 to 21ЊC. Test cowpea plants were 3 and 2 wk old for experiments 1 and 2 (see below), respectively. EPG. After a brief immobilization with CO 2 , adult sharpshooters were tethered with a 63.5-m (0.0025-in. diameter gold wire (Sigmund Cohn Corp., Mt. Vernon, NY) by using silver print paint (LADD Research Industries, Williston, VT; n-butyl acetate solvent), as described in Dugravot et al. (2008) , or 10 13 ohms). The DC signal processing channel was used for all analyses. EPG recordings were made with an input impedance of 10 7 ohms (a few), 10 8 ohms (most) (experiment 1), or 10 9 ohms (experiment 2). These higher input impedances, compared with the 10 6 -ohms level published previously for glassy-winged sharpshooter (Backus et al. 2005 ) and blue-green sharpshooter (Almeida and Backus 2004) , were chosen to enhance the amplitude of the ingestion waveforms of greatest interest for this study, while still balancing R-and emf-components (Backus and Bennett 2009) .
Plant tissue surrounding the salivary sheath (left behind by each probe) was carefully marked with a permanent, Sharpie felt pen at the beginning of a probe during pathway phase (Backus et al. 2005) , when the insect seemed less likely to be startled by the brief operator hand movements necessary to mark the tissue. After recording was completed, all EPG waveforms were viewed and measured with the Windaq waveform browser software (Dataq Instruments). The recorded waveforms of H. liturata were nearly identical to published waveforms from the glassywinged sharpshooter (Backus et al. 2005, Sandanayaka and and blue-green sharpshooter (Almeida and Backus 2004) , with the minor exceptions noted in Discussion due to difference in input impedance.
Sharpshooter Waveform Terminology. The current study uses the EPG terminology of Backus (2000) and Backus et al. (2005) . A probe is deÞned as all behaviors occurring from start of one stylet insertion until withdrawal of the stylets from the plant; the overall action is probing, synonymous with stylet penetration. A waveform event is the duration within a probe during which an uninterrupted occurrence of one waveform type or subtype is performed. Thus, each probe is comprised of an unbroken sequence of waveform events. In highly regular, repetitive waveforms such as C (cibarial pumping), each repeated unit is termed an episode (Dugravot et al. 2008) .
Sharpshooter waveforms are hierarchically categorized. The highest level is the phase (general category; the most coarse, compressed view of the waveform). The major phases of sharpshooter stylet penetration are pathway (formation of the salivary sheath, searching for a xylem cell), ingestion (cibarial pumping and swallowing), and interruption (two types: pathwaylike and nonpathway interruptions). Pathway-like interruptions represent the same behaviors as pathway phase. Until the current study, however, the biological meanings of nonpathway interruptions were unknown because waveform subtypes within could not be resolved using lower input impedances. Within the phase are waveform families (medium level of compression, assigned uppercase alphabetic designation such as A, B, C, and so on). For example, B family waveforms (B1 and B2) all occur when stylets are deep within plant tissue and forming the salivary sheath. Within a family are waveform types (Þne-structure view of the waveform, assigned an additive numerical designation, e.g., B1). In some cases, even subtypes have been assigned when correlations justify a different biological deÞnition. These are the most highly expanded, ampliÞed views possible in Windaq; designated by additive lowercase letters (such as B1s and B1w).
The most up-to-date summary of all waveform families, types, and subtypes for sharpshooters, with their biological meanings, is presented in Sandanayaka and Backus (2008) . More detailed waveform characterization is found in Backus et al. (2005;  Table 1 ).
The waveforms most important for this study are summarized, below (from Backus et al. 2005 , Joost et al. 2006 , Backus et al. 2005 , Holmes 2007 , Dugravot et al. 2008 , Backus and Dugravot 2009 .
Pathway Phase. A1: Movement of both mandibular and maxillary stylets with simultaneous formation of salivary sheath, especially the thick-walled trunk of the salivary sheath.
B1: Penetration of the maxillary stylets past the trunk, further salivation (subtype B1w) and formation of sheath branches, with concomitant ßuttering of the precibarial valve to facilitate ßuid tasting (subtype B1s).
B2: Maxillary stylet sawing through tough tissues or the walls of solid salivary sheath; indication of new salivary sheath branching or extension of an existing branch. B2 often occurs at the bottom of a steep drop in overall voltage level, termed a B2 trench. Such trenches were correlated with partial stylet withdrawal and branching of the salivary sheath, in H. vitripennis recordings (Backus et al. 2005) .
Ingestion Phase. C: Cibarial pumping for active ingestion. Correlated with cibarial dilator muscle movements, C also portrays directionality of ßuid ßow via streaming potentials (Dugravot et al. 2008) . Once ingestion phase is reached, ingestion (C) events alternate with interruption (N) events. The order of a particular C event in this sequence is noted as 1stC, 2ndC, and so on.
Interruption Phase. N: nonpathway interruption of ingestion.
NA1, NB1, and/or NB2: Collectively designated pathway-type interruption; same as A1, B1, and B2, respectively, but performed after the Þrst C waveform event. This is a return to pathway activities to create a new salivary sheath branch. Similarly to C event order, the order of interruption events is designated as 1stN, 2ndN, and so on, starting with the Þrst N after the Þrst C event (Backus et al. 2005) . For event order, N is used to designate both pathway and nonpathway interruptions.
R: A ßat-line waveform that probably represents stylets motionless, resting shallowly in the plant.
Experimental Designs. Experiment 1. Each insect was allowed to perform one to four spatially separated, EPG-recorded probes (i.e., time periods comprising stylet penetration) on the main stem of the test plant. When an (ingestion phase) C event was observed, probing was artiÞcially terminated by rapidly plucking the insect from the plant. Probing was artiÞcially terminated 10 times for each C event order from Þrst through seventh, providing recordings of 10 probes for almost all C event orders). This allowed us to selectively determine in which cell types the salivary sheath branch tips laid for each event order. In addition, two probes were terminated during pathway and three during waveform G. Thus, 75 probes from Ϸ40 insects were artiÞcially terminated. Data were analyzed in depth, providing most of the results described here.
Experiment 2. This was similar to experiment 1, except 1) probing was terminated during (nonpathway interruption) N events, of Þrst through third orders plus sixth (10 probes each); and 2) each recording used a new cowpea plant. We attempted to use radio frequency cauterization (Fisher and Frame 1984) to stylectomize sharpshooters during probing. Stylectomy was attempted on 40 insects; however, it was only partially successful for most, due to the stoutness of sharpshooter stylets. Ten stylet bundles were successfully severed, but only six were still intact after histological processing. Although the stylets fell out of all six during processing, they all left distinctly hollow salivary sheath branches to terminal cells. Thus, all such tissues were kept for analysis. Probing of an additional 15 sharpshooters was artiÞcially terminated in the same manner as for experiment 1; 12 more tissue blocks containing salivary sheaths were intact after processing, for a total of 18. Data were not analyzed in-depth as for experiment 1 but used to answer remaining questions about N event correlations.
Histology and Light Microscopy. Blocks of cowpea stem tissue, 2Ð3 mm in length and each containing a salivary sheath, were excised and Þxed for a minimum of 24 h (the Þrst 2 h under light vacuum) in a modiÞed (Holmes 2007 ) CRAF 3 Þxative (Berlyn and Miksche 1976) within 1Ð3 h of feeding. Samples were safely stored in the Þxative for up to 2 mo until enough samples were accumulated for further processing. Tissue samples then were rinsed in HEPES wash buffer, dehydrated in a graded series of ethanol/tert-butanol, inÞltrated with Paraplast X-tra (at 52ЊC), and then embedded in Paraplast Ultra at 56ЊC (Berlyn and Miksche 1976) . ParafÞn blocks were serially thick-sectioned at 10 m by using a MICROM HM355 International rotary microtome. Ribbons were mounted on slides coated with 5% (wt:vol) ammonium hydroxide and allowed to dry overnight on a slide warmer (Fisher, Santa Clara, CA) . All slides were dewaxed in 100% xylene, stained with aqueous safranin (0.5%), and then counterstained with ethanolic fast green (0.01%) (Berlyn and Miksche 1976, Ruzin 1999) . The freshly stained slides were coverslipped using Permount mounting medium (Fisher) .
Forty-Þve tissue blocks were intact after histological processing. Salivary sheaths were examined with a DM 5000B light microscope (Leica, DeerÞeld, IL) using both brightÞeld and polarized light, and imaged via a microscope-mounted Leica DC 500 digital camera and Adobe Photoshop 7.0 (Adobe Systems, Mountain View, CA). Polarized light caused ligniÞed cell walls to shine brightly, allowing identiÞcation of nonligniÞed protoxylem versus ligniÞed metaxylem, sec-ondary xylem, and cortical Þber cells. It is likely that ligniÞed xylem was functional for translocation (T. Rost, personal communication), and therefore most useful for ingestion by a sharpshooter. Reference images of experiment 1 and experiment 2 plants, in both brightÞeld and polarized light, are available in Holmes (2007) .
As described in Backus et al. (2005) , it was possible to deÞnitively identify the terminal sheath branch (which marked the location of the stylet activities represented by the last waveform before artiÞcial termination of the probe) via one of two methods. Either the sheath was single-branched, or (in multibranched sheaths) the terminal branch was hollow because the rapid removal of the insect precluded it from backÞlling that salivary sheath branch. In the case of multibranched sheaths, the last (i.e., hollow) sheath branch that was produced before artiÞcial termination of feeding was termed the terminal branch; others were termed abandoned branches. Only two of the 45 salivary sheaths had multiple, Þlled branches with no hollow branch. In those cases, less deÞnitive but still strong correlation was made by comparing the EPG waveform with the sheath branching pattern (see Correlation of Waveforms with Penetrated Cell Types).
For salivary sheaths with fewer than six branches, the order of formation of sheath branches was reliably inferred from waveforms (see Correlation of Waveforms with Penetrated Cell Types). For the one third of sheaths with more than six branches, it was common for the branches to lie very close together, contiguously. However, even in such extreme cases, it was generally possible to determine the number of branches and their cell termini by examining multiple sections of the sheath in relation to the EPG waveforms and to assign an estimated order for their formation.
Statistical Analysis. We used a repeated measures analysis of variance (ANOVA) (restricted maximum likelihood estimation) (PROC MIXED, SAS Institute 2001, Sandanayaka and Backus 2008) and least significant difference (LSD) test (LSMEANS option; SAS Institute 2001), to determine whether the durations of pathway and C events were signiÞcantly different within each correlation. The dependent variable of the model was mean waveform duration per event; the random effect was probe number. Log transformation was performed before ANOVA to reduce variability and improve homogeneity. For frequency measures (numbers of events or branches), we pooled data into 2 by 2 contingency tables and used Fisher exact test (PROC FREQ, SAS Institute 2001). Means were usually considered signiÞcantly different at ␣ ϭ 0.05, except in one case when P ϭ 0.0502 was accepted as signiÞcant.
Results
As foreshadowed in Fig. 1 , the sharpshooter X wave is composed of a nonpathway interruption event (N) followed by a short ingestion (C) event. Here, we ultimately provide type descriptions of the two phases and four waveform types or subtypes (C1, fB1w, B1s, and C2) that are components of the sharpshooter X wave. To best explain the evidence for our hypothesis, we present in the Þrst four sections of Results, a bottom-up approach to identifying the sharpshooter X wave. First, the salivary sheaths that were examined from experiment 1 are described. Second, the new waveform types and subtypes discovered during our search for the X wave are characterized. Third, these waveforms are correlated with both xylem and nonxylem cell types penetrated by the stylets, for both terminal and abandoned salivary sheath branches from experiments 1 and 2. Fourth, we describe the logical steps undertaken to formulate and test the X wave hypothesis. For the Þrst three sections, the C and N events and their orders are referred to by their standard sharpshooter terminology (e.g., 1stC, 2ndN, and so on). After introduction of the X wave concept and terminology, those names are changed to reßect newly introduced terminology. Thus, description of results here starts at the Þnest level of analysis to describe the logical building blocks of our hypothesis. Nonetheless, it is worthwhile to keep in mind where the analysis is ultimately headed, i.e., to a deeper understanding of sharpshooter feeding and pathogen inoculation via the X wave.
H. liturata Salivary Sheaths
Forty-Þve salivary sheaths from experiment 1 and 18 sheaths from experiment 2 were histologically examined and correlated with waveforms. These H. liturata sheaths seemed nearly identical to those previously observed from glassy-winged sharpshooter (Backus et al. 2005) , only being smaller (because of smaller body size of smoke tree versus glassy-winged sharpshooters) and having more branches. Because of this similarity, we provide here only a few images of smoke tree sharpshooter salivary sheaths. Further representative examples of two-, four-, and six-branched sheaths can be seen in Holmes (2007) . Only sheaths/ waveforms from experiment 1 are quantiÞed in the following sections, unless otherwise stated.
Stylets penetrated intracellularly, and the sheaths left behind were distinctly separable into a main trunk and sheath branches. The trunk typically had a thick wall composed of blobs of deeply red-staining sheath saliva with a hollow lumen (Fig. 2a) . A variable number of sheath branches protruded from the trunk; 77% of the sectioned sheaths had four or fewer branches, although as many as 15 branches could be identiÞed from a single sheath (Table 1) . Sheath branches stained a mixture of reddish pink and blue ( Fig. 2a and c). A complete sheath was highly three-dimensional and varied in size from 60 to 250 m in spread, requiring viewing of 6 Ð25 tissue sections per probe (in total, 744 sections for experiment 1) to identify exact branch termini. Figure 2a shows the divergent nature of some branches, especially at their bases near the trunk (red saliva) and the degree to which blue saliva often Þlled the cell at the tips of abandoned, nonterminal branches. The usually blue terminal branch was hollow and often very thin-walled (especially for 1stC-terminated probes), as in Fig. 2b , which passed through broken small, secondary ligniÞed xylem cells Þnally terminating in protoxylem (arrow).
Branch-tip cell types for all 158 branches were identiÞed (Table 1) for 44 of 45 sheaths from experiment 1; the 45th sheath had too many contiguous, blended branches to analyze their pattern. For experiment 2 sheaths, only the cell types for terminal branches (not abandoned) were identiÞed. Forty percent of the 158 (experiment 1) branches ended in nonvascular cells (i.e., pith, cortical or fascicular parenchyma, or cambium); 58.2% ended in some type of xylem, and only 1.3% (two branches, both nonterminal) ended in phloem cells (Table 1) . Of the 92 branch tips in xylem, 44% were terminal branches. The remainder were abandoned, nonterminal branches to (usually) xylem cells that the insect had rejected en route to the terminal cell (Table 1) .
Characterization of New Waveform Types
The following new sharpshooter waveform types (C1, C2, and G) were characterized during this study and correlated (below) with terminal sheath cell types (see Discussion for similarity with waveforms from other studies).
C1. This waveform type has individual episodes (termed peaks) that are triangular or peaked-rectangle-like in appearance (Fig. 3 ). The amplitude of each peak is variable, from 50 to 300% the amplitude of C2 (see below) from the same probe (Fig. 2) . Peak durations range from 0.5 to 1 s. Based on the number of peaks, durations of C1 waveform events were divided into sporadic (1Ð2 peaks; Fig. 3a ), short (3Ð14 peaks, Fig. 3b ), and extended (Ͼ14 peaks, Fig. 3c ) durations. C1 occurred during all phases of probing.
C2. This waveform type is the new term for the typical C waveform studied to date (see Discussion). The waveform is regular and rhythmic (Fig. 4) and occurs for highly variable durations per event, from seconds to many hours. Individual episodes (termed plateaus) usually have a rectangular or rounded-rectangular appearance ( Fig. 4a and b) . (Rarely, as in Fig.  1 , they can be partially peaked due to problems with wire conductivity. In those cases, they are averagesized and continue for many seconds, like C2 but unlike C1.) The average duration of a single plateau is Ϸ1 s, with a range from 0.5 s to 1.5 s. Size and shape of C2 plateaus show moderate differences (Fig. 4) , and the distance between successive plateaus is variable, in some cases interspersed with variably long periods of a ßat-line waveform (termed R). Variation in appearance, often consisting of peaklets at the leading or trailing edges of plateaus ( Fig. 4d and e) , is seen both within and among individual probes and among different insects. Also, a gradual transition in appearance of C2 occurs both within and among individual waveform events, during which the plateau amplitude gradually increases and plateau repetition rate gradually decreases, until these properties stabilize. This "stable C2" is characteristic of sustained ingestion (see X wave Characterization) and then continues for many minutes to hours. Only ingestion-phase C events containing C2 were counted for C event order, even though these sometimes consisted of a mixture of C1 and C2.
C2 plateaus were occasionally seen (in only three probes, one each by three insects) during pathway phase. Such pathway C2 plateaus were often shorter in both amplitude (25Ð75% of ingestion phase C2 height) and duration (0.2Ð 0.5 s). Typically, a bout of four to eight or more pathway C2 plateaus was preceded and followed by B1.
G. This waveform is frequently observed at the end of long-duration probes, often interspersed with R (ßat-line waveform). Waveform G can follow imme- Parenchyma includes cortical, fascicular and interfascicular parenchyma; xylem includes primary (protoxylem and metaxylem) and secondary xylem and does not imply degree of cell wall ligniÞcation or functionality.
diately after pathway (Fig. 5 ), or after long durations of C2 (other studies). G resembles a blend of a rectangular C2 plateau and tall B1s spikelet burst. Sometimes, it is nearly identical to B1s during late pathway but occurs many seconds to hours later in the probe, during ingestion phase.
Correlation of Waveforms with Cell Types Penetrated by Sheath Branches
Findings Supporting Correlations. As visual examination and correlation of sheaths with recorded waveforms progressed, we made two observations that later proved important for discerning the X wave. First, most probes correlated with terminal branches in xylem (see further Þndings below) had a single bout of several, contiguous C events that occurred at the same voltage level ( Fig. 6a and e) with only short, nonpathway interruptions (N) between them (Fig.  6bÐ d) . When voltage levels varied between pathway and ingestion phases during a probe, such a bout was preceded by a rise in voltage level to above 0 V that occurred at the end of pathway, before 1stC ( Fig. 6a and e). Seventy eight percent (29/37) of the sheaths correlated with these probes had multiple branches into many cell types (see further Þndings below). However, eight other salivary sheaths had single branches, each to a terminal xylem cell. In these cases, the bouts of C events were terminated during 1stC (three probes), 2ndC (one probe), 3rdC (three probes), and 4thC (three probes). One of these probes, whose pathway lacked B2 trenches, is shown in Fig. 6a . Thus, one bout of repeated C-N events, all occurring at a steady voltage level, was correlated with one sheath branch to a xylem cell, regardless of the number of C or N events in the bout. Second, the number of major sheath branches above one was generally correlated with the number of B2 trenches during pathway. For example, the recording in Fig. 6e had three B2 trenches (arrows), and the sheath left by that probe had four branches: two major branches (an abandoned branch into fascicular cambium as well as the hollow terminal branch into a large, secondary ligniÞed xylem cell), plus two more, very small abandoned branches occurring as offshoots of the terminal branch, one into a protoxylem cell and another into a small, secondary ligniÞed xylem cell. Eight probes (each correlated with multibranched sheaths with terminal branches in xylem) had two or three such bouts of C-N events, separated by a pathway-like interruption containing at least one B2 trench (during which, the voltage level dropped below 0 V.). Five of these probes had two bouts each; three probes had three bouts each. The sheaths of all Þve probes had at least two branches (never fewer [but sometimes more] than the number of B2 trenches). Many branches ended in xylem cells. This support of the original Þnding with H. vitripennis (Backus et al. 2005 ) (that numbers of branches is roughly correlated with numbers of B2 trenches) conÞrmed with H. liturata that it was generally possible to predict the branching pattern of the salivary sheath by the appearance of the EPG waveform trace. Thus, single-or multiple C-N bouts were correlated with single-or multiple (respectively) branches into xylem, some abandoned, some terminal.
The above-mentioned two observations supported cross-correlation of three sets of information: 1) temporal waveform progression, especially C and N event order; 2) spatial sheath branching patterns of abandoned versus terminal branches; and 3) cell type penetrated by each branch. For hollow, terminal branch tips, these correlations were deÞnitive. By a process of elimination, indirect correlations for abandoned, nonterminal branches were thus strengthened.
Using these correlation tools, we tested two hypotheses critical to X wave correlation. First, we hypothesized that C1 and/or C2 during pathway might be correlated with abandoned branches into xylem. Late pathway waveforms were dominated by B1 and B2, with occasional C1 and very rare C2. We suspected pathway C1 and C2 because of their relative rarity and frequent association of C1 with C2 in early, xylemcorrelated C events. Second, we hypothesized that C event orders correlated with terminal branches into xylem could be distinguished from those into nonxylem cells by some feature(s) of the C-N waveforms that would qualify them as X waves. Results supported both hypotheses.
C1 and C2 during Pathway-Like Phases Correlated With Abandoned Branches (Experiment 1). Pathway events were signiÞcantly longer (P ϭ 0.0027) and more numerous, in general, than were events of pathway-like interruption (Table 2) . Also, mean event durations for C1 and C2 during pathway or pathwaylike interruptions were signiÞcantly shorter than those of both and pathway and pathway-like interruptions (P Ͻ 0.0001 in all cases), and not signiÞcantly different from one another ( Table 2 ). For ease of description, waveform events during either pathway phase or pathway-like interruption phase will be considered together when waveform correlations apply to both. They will be termed pathway-like phases. C1 and/or C2 were performed during pathway-like phases in 71% of the 45 total probes (total n in row 1 in Table 3 ). Therefore, many, very short C1 and/or C2 events were embedded within the majority of less frequent, yet much longer, pathway-like phases.
Forty-four sheath-correlated probes produced 114 interpretable, abandoned sheath branches, in addition to their 44 hollow, terminal branches. These data were tabulated to compare numbers of pathway-like phases with or without C1 and/or C2 versus xylem or nonxylem cells; frequencies were signiÞcantly different at P Ͻ 0.0001 (Table 4) . Nearly half (48%; 55/114) of the abandoned branches were in some type of xylem, with 82% (45/55) of these (including all three probes with Pathway and pathway-like interruption durations exclude C1 and C2 durations. SigniÞcant differences (ANOVA results: F ϭ 8.67, df ϭ 10, P Ͻ 0.0001; see text for LSD results) among means within groupings are denoted by different lowercase letters. Asterisk (*) denotes that those event durations also were signiÞcantly different within the row, therefore among probes. ␣ ϭ 0.05. a n/a, not applicable. SigniÞcant differences among the four means (within pathway or sheaths) are denoted by different lower-case letters. Asterisk (*) denotes that those event durations were signiÞcantly different within the row, among probes. ␣ ϭ 0.05.
a Pathway events were in the same probes as pathway-like interruption events. Waveforms were measured in 45 probes. Durations were signiÞcantly different overall (ANOVA (F ϭ 10.03, df ϭ 53, P ϭ 0.0026). See text for LSD and pooled frequency results.
b A probe either left one to Þve sheath branches or six to 15 branches, never both. There were 44 probes whose branch numbers could be counted. Durations were signiÞcantly different overall (ANOVA (F ϭ 8.00, df ϭ 41, P ϭ 0.0072). See Results for LSD and pooled frequency results.
c For ANOVA analysis of durations only, a single probe of one second was artiÞcially added to this category, to give some value for this cell in the comparison.
C2 during pathway) being in small, secondary, ligniÞed xylem cells (Table 4) . Eighty-nine percent (102/ 114) of abandoned branches were correlated with pathway-like phases; the rest were correlated with brief, isolated C1 or C2 events that were followed by pathway-like interruptions. Most importantly, 92% (43/47) of probes (branches?) with pathway-like phases lacking C1 or C2 were correlated with abandoned branches in nonxylem cells (pathway only, Table 4 ). In contrast, when pathway-like phases contained C1 and/or C2, their correlated, abandoned branches were 71% likely (39/55) to have occurred in rejected xylem cells (Table 4 ). This supports that C1 and C2 during pathway-like phases often coincide with xylem cell penetration and rejection. Yet, when two probes from different insects were artiÞcially terminated during extended C1 events in pathway ( Fig.  7a and b) , both terminal branch tips were in cortical parenchyma cells. Thus, this correlation is not perfect.
It may be that only extended C1 occurs in nonxylem, and shorter C1 events are in xylem. However, we could not determine this deÞnitively.
Mean event durations of pathway-like phases were signiÞcantly longer when they contained C1 or C2 than when they lacked C1 or C2 (Table 3 ) (P ϭ 0.0091 for pathway; P ϭ 0.0001 for pathway-like interruptions). Also, the signiÞcantly fewer (pooled frequency P ϭ 0.0018) pathway-like interruptions that contained C1 or C2 were (numerically, but not signiÞcantly) longer than the very common pathway events with C1 or C2. The opposite was the case for both types of pathway-like events lacking C1 or C2; the more common pathway events were signiÞcantly (P Ͻ 0.0001) longer than the fewer pathway-like interruption events lacking C1 or C2 (Table 3) . Thus, the longer the pathway-like interruption (i.e., after isolated C events), the greater the likelihood it will have C1 or brief C2. Durations differed signiÞcantly (P ϭ 0.0330) for the pooled number of correlated sheath branches (Table  3) , because the number of sheath branches was strongly related to duration of pathway-like phases. Pathway-like phases without C1 or C2 always left sheaths with few (1Ð5) branches. Sheaths with fewer branches were equally likely to have or lack C1 or C2. In contrast, larger, more branching sheaths were always correlated with C1 or C2 (Table 3) .
In summary, our Þndings on C1 and C2 during pathway-like phases support that when C1 was present, it usually (but not always) indicated penetration of xylem. The shorter the duration of a C1 event during pathway-like phases, the more likely it represented xylem penetration; longer durations may occur in nonxylem cells. Isolated C2 during pathwaylike phases may more strongly indicate xylem penetration; however, a sample size of three is not deÞn-itive. Presence of C1 and/or C2 during pathway-like phases was strongly correlated with longer phase durations (especially of pathway-like interruptions) and multiple, abandoned branches, many in xylem. Thus, C1 and/or C2 waveforms become more common after an insect has rejected cells penetrated during the Þrst one or two sheath branches, because the insect renews its search for an acceptable xylem cell. However, it was not possible to precisely correlate an individual pathway C1 event with an individual branch into xylem.
C Event Orders Correlated With Both Abandoned and Terminal Branches (Experiment 1).
Seventynine naturally terminated C events were performed in the 45 correlated probes, before the terminal C event in each (n in bottom half of Table 2 ). Mean durations of naturally terminated C events showed that most C event orders were short (Յ1 min in duration), except for 2ndC and 3rdC (Table 2 ). Mean duration of 3rdC was numerically longer than all other C events, but only signiÞcantly longer than 1stC (P ϭ 0.0502), due to low sample size of C event orders greater than third. Duration of 2ndC was intermediate, not signiÞcantly different from any others. Numbers of events in each C event order were highest in the early C events, and lower with each successive C event; 84% (66/79) of the C events were 1stC to 3rdC (Table 2) . Interruptions, which mark the end of C events, became less common after 2ndC, i.e., the C events became longer. Long ingestion events (termed sustained ingestion, Almeida and Backus 2004) indicate acceptability of the penetrated cell. Thus, in most probes, insects located and accepted an ingestion cell by 2ndC or 3rdC. Those that could not, returned to pathway activities during a subsequent interruption.
Forty C events of Þrst to seventh order, all composed of either 1) C1 and C2 in the same event or 2) C2 alone were correlated with terminal sheath branch tips (Table 5 ). Of those 40 events, 37 branches penetrated into some type of primary xylem (i.e., protoxylem or metaxylem; 8%) or secondary xylem (92%) cell. Eighty-nine percent (33/37) of those deÞnitively found in xylem were in ligniÞed secondary xylem cells; half were in large and half in small cells (Table 5) . Only once did penetration and ingestion deÞnitively occur in a nonxylem (pith) cell. Two other nonxylem termini are questionable (see further results under Sharpshooter X Waves).
Sharpshooters performed C2 ingestion much more commonly (82% of combined abandoned and terminal branches correlated with C2) from ligniÞed (thus, probably mature) secondary xylem than any other plant cell type. Small secondary xylem cells, even ligniÞed ones, were rejected 74% of the time they were sampled (45/61, i.e., abandoned branches as percentage of total in small cells); in contrast, large, ligniÞed secondary xylem cells were accepted 74% of the time (17/23) once encountered (Tables 4 and 5) .
As mentioned above, mixed C1 and C2 were performed in all cell types sampled by the insect, correlated with both abandoned sheath branches (Table 4) and terminal branches (Table 5) . Twelve isolated 1stC (or 1stC and 2ndC) events (all containing a mixture of C1 and C2) were correlated with abandoned sheath branches; ten in the xylem (Table 4 , columns 7 and 8). Nine of 10 of these branches were in ligniÞed secondary xylem cells and six of the nine in small cells. However, the 10 abandoned branches represented only 21% (10/47) of the total number of sheath branches correlated with xylem (terminal plus abandoned). The remaining 79% of xylem branch tips (all terminal) had only C2 in their correlated C events (Table 5 ). This is demonstrated in Table 6 , showing that C1 nearly disappeared after 3rdC, with one rare exception of a single probe in 4thC. Thus, C2-containing ingestion events were most often performed in acceptable xylem cells, in which eventually only C2, not C1, was performed. G Waveform. Two probes were terminated during 1stG (i.e., the Þrst postpathway event was waveform G) (Table 6 ); both branch tips were in cortical parenchyma cells. One other G event was terminated in 5thG (i.e., the Þrst four events contained C2 and only the Þfth was G). This branch terminated in a large, ligniÞed secondary xylem cell. Thus, it is likely that G can represent activities in either nonxylem or xylem cells, depending on whether it occurs during pathway or after C2 ingestion. However, deÞnitive determination awaits a larger sample size.
N Event Orders Correlated With Terminal Branches (Experiment 2).
All 18 probes that were artiÞcially terminated during 1stN (i.e., the Þrst N after 1stC), 2ndN, 3rdN, or 6thN events resulted in hollow, terminal sheath branches. In all 18, branch tips were in some type of xylem (Table 7) , although due to the test plantsÕ younger age (compared with experiment 1), diverse xylem cell types were more evenly represented among the branch termini. This strengthens the earlier conclusion that N events between C events occur in xylem, and likely in the same xylem cell as the preceding C event.
Voltage Levels of EPG Waveforms at Input Impedance 10 8 Ohms
The overall voltage levels of waveforms in this study were a mixture of positive and negative signals. In general, the signal was positive during the earliest pathway activities (especially waveform A1, forming the sheath trunk, as in Fig. 6a ), although sometimes even A1 would be negative (Fig. 6e) . Then the signal would either remain positive throughout the probe (43% of the 40 artiÞcially terminated probes, as in Figs.  3b and d and 4aÐ d) , or trend negatively as pathway progressed into B1 (45%, as in Fig. 6a and e) . Eightytwo percent of negative-trending signals would rise into positive during C1 or C2 in pathway (Fig. 3a and  c) or at the end of pathway just before 1stC (Fig. 6a,  b , and e). C events were then positive, whereas N events were negative (Fig. 6aÐ d) . Ten percent of the 40 probes remained negative throughout the probe, even during C (data not shown). One probe lost all voltage level information and waveforms were stable around 0 V (Fig. 2) . This occurs occasionally when an insect is poorly wired.
Sharpshooter X Waves
Developing and Testing the Hypothesis. During our waveform-salivary sheath correlations, we made two more observations important for the X wave hypothesis. First, we observed that B1 waveforms during nonpathway interruption (N) events associated with xylem ingestion had different appearances from B1 during pathway. Second, a pattern of waveform subtypes similar in appearance to a nonpathway interruption was nearly always visible at the end of pathway phase, just before the 1stC event of ingestion phase. This pattern was often distinctly different from the preceding pathway waveforms. When such an end-of-pathway "interruption" ("N") (although not technically called that until now) was visually combined with the subsequent C and N events, an alternating sequence of "N"ÐCÐNÐC events became clear. When each NÐC sequence was considered a unit, they were seen to repeat several times, sequentially (Fig.  1) . We therefore hypothesized that we had discerned a new type of X wave, for xylem ingestion by sharpshooters, which would be composed of bouts of NÐC units (or "phrases," as in Wayadande and Nault [1993] ; hereafter, each part of an X wave phrase is termed XN and XC, respectively). We then tested to determine whether this putative X wave could be used to predict xylem versus nonxylem ingestion. Accordingly, we studied the waveforms in 120 endof-pathway phases and nonpathway interruptions from all 40 C-terminated probes (the other Þve were not terminated during C events) and categorized their waveform types and appearances. In particular, the 40 sets of waveforms at the end of each probeÕs pathway phase (i.e., putative 1stXN) were studied for presence of common, consistent features. Distinctive X waves, matching the description below, occurred in all but one unusual case (Table 5 ; Fig. 7c) , in which the probeÕs hollow sheath branch deÞnitely terminated in a pith cell. Its end-of-pathway waveforms completely lacked any of the necessary components of an X wave (described below), merely transitioning straight from pathway into C1 then C2, after a abrupt rise in voltage Backus et al. (2005) , used in the Þrst part of this paper. Hereafter, these events are termed 2ndXN, 3rdXN, 4thXN and 7thXN, respectively (see terminology for X waves). level (Fig. 7c) . The 37 branch tips that were deÞnitely in xylem cells (Table 5 ) also were correlated with distinct X waves, including 1stXN events at the end of pathway. Two other probes with distinct X waves, terminated during 1stC and 2ndC, had questionable branch termini (Table 5 ). The 1stC sheath branch penetrated at least to the fascicular cambium. However, broken xylem cells nearby resembled the result of stylet penetration rather than histological processing damage. The 2ndC sheath branch terminated in either of two closely adjoining cells: a pith cell and a small, secondary ligniÞed xylem cell. We concluded that both of these questionable salivary sheaths actually terminated in xylem, but this could not be deÞn-itively determined by histology due to processing artifacts. Therefore, at least 95% (but likely 100%) of all terminal sheath branches in xylem were correlated with X waves; in the rare case when a terminal branch was not in xylem, there was no X wave. All C events of orders Ͼ1stC, and their associated N events, were also parts of X waves. These Þndings support our hypothesis that a sharpshooter X wave exists and that it provides a deÞnitive landmark for C2 ingestion from a xylem cell.
Furthermore, partial X waves, consisting of an isolated XN (hereafter, pathway XN), were sometimes seen during pathway-like phases (Fig. 6f ). These were highly recognizable due to the presence of XN component waveforms, including C1, described below. Close examination of all pathway XN events could not distinguish by waveform structure alone those correlated with xylem versus nonxylem cells. However, when pathway XN events included C1, they were correlated with abandoned branches in xylem 70% of the time. The later in the probe this occurred (especially during pathway-like interruptions), the more likely that C1 during pathway XN represented xylem penetration. If an XN event was paired with an XC containing C2, together they were considered true X waves, because they were 100% correlated with xylem. Therefore, in the case of sharpshooters, pathway XN is not considered a true X wave, but indicates that stylets sampled and rejected cells, usually but not always xylem. In true X waves, the insects sampled and accepted cells, always xylem.
Characterization (Type Description) of X Wave Components. The X wave comprises unique variants of the following four waveform components (B1w, B1s, C1, and C2) (Fig. 6) . At least two of the Þrst three components must be present during 1stXN for X wave status to be assigned. The composition and durations of XN events were highly diverse, exhibiting variants whose durations were long (rarely occurring; Fig. 8a ), medium (most common; Fig. 8b ), or short (very rare; Fig. 8c ), due to different waveform components and their durations. XC events are much less variable in composition; they contain at least C2, but often also C1.
C1. One to several triangular peaks often (but not always) occur just before the end of pathway phase, usually marking the beginning of 1stXN, therefore of the Þrst X wave phrase (Fig. 8b) . One to several C1 peaks also are found at the beginning of some XC events (Figs. 8aÐ c and 6f and g ). Amplitudes of these C1 peaks are often much higher than adjoining C2 plateaus ( Fig. 8f and g ). The C1 and C2 peaks in XC events are separated by fuzzy B1w (see below) ( Fig.  8b and c) , not smooth B1w as occurs during pathway (Fig. 7c) . C1 is the most variable (in both duration and amplitude) of the X wave components; an X wave may contain either extended C1 or lack C1 entirely.
Fuzzy (f) B1w. This component is the key characteristic of the X wave, and varies so much from typical B1w that we chose to name it separately. fB1w is found in all XN events, and nowhere else during stylet penetration. Its presence during pathway is an indicator of pathway XN. The usually ßat or slightly humped waveform in pathway between B1s bursts (Fig. 7c) becomes highly rhythmic and regular (Fig. 8b, inset) during the X wave. fB1w is a high-frequency (11.5Ð13 Hz.) burst that is distinguished from B1s by its very short amplitude and slightly lower frequency (Fig.  8b) . Duration of fB1w is highly variable.
B1s. The X wave variant of this waveform is similar to spikelet bursts during pathway, but often higher in amplitude and much shorter in duration, with longer fB1w events interspersed ( Fig. 8a and b) . B1s often disappears from later XN events, leaving only fB1w (Fig. 6d) .
C2. Short (as opposed to very long) events of these rectangular plateaus are unique to the X wave. Also, like C1, C2 plateaus in X waves often have fB1w between them, unlike during sustained ingestion (Fig.  6g) . When C2 is interrupted by any of the other three waveforms (usually C1 or B1w), the end of the C2 event marks the end of XC, i.e., of that particular X wave phrase (Fig. 2) . Because bouts of X wave phrases continue during a probe, the durations of each XC portion become longer, until XN interruptions become quite rare and ingestion continues on a longterm, sustained basis. This gradual transition is the shift from trial to sustained ingestion.
Discussion

Characterization and Biological Meanings of Waveform Types
Past versus Present Published Waveform Appearances. There are several differences in the coarse and Þne structure appearances of sharpshooter waveforms in this article compared with the waveforms in earlier studies (Almeida and Backus 2004 , Backus et al. 2005 , Joost et al. 2006 . For example, in waveform images in Backus et al. (2005) : 1) overall voltage levels of probes are strictly positive-going, compared with the positiveor negative-going or both, as here; 2) A1 and B2 are large in amplitude and detailed, compared with the reverse, as here; 3) B1 and C are very small and difÞcult to resolve, compared with the reverse, as here; and 4) B2 trenches, representing partial stylet withdrawals, as indicated by decreasing voltage levels are very deep and obvious, compared with the partial ßattening of voltage levels, as here.
Research in the Backus laboratory since Backus et al. (2005) has shown that these differences in waveform appearance among studies are strictly due to changes in input impedance of the monitors recording the signals (E.A.B., unpublished data) . Backus et al. (2005) used 10 6 ohms input impedance, whereas recordings for the present work primarily used 10 8 or 10 9 ohms input impedance. It is outside the scope of this article to present a complete sharpshooter waveform library at all input impedances. For now, we emphasize that the same waveform types and subtypes as in Backus et al. (2005) were recognizable and interpretable for this article. C Waveform Types in Relation to Past Terms. Almeida and Backus (2004) introduced the C waveform family and characterized C1 and C2 waveform types. C1 was a rhythmically regular waveform whose Þne structure was variably triangular, rectangular, or steeply peaked. C2 was similar to C1, but superimposed on a "variable-amplitude, low-frequency coarse structure." Although it was understood at the time that C1 was still quite broad, there was not enough information to divide it further. Here, we are redeÞning both C1 and C2, because subsequent work has shown that the low-frequency coarse structure of C2 in Almeida and Backus (2004) was actually baseline noise from which it was difÞcult to resolve C waveform Þne structure at the low input impedance used in that study. At the higher input impedances of this study, resolution of C was excellent. Therefore, we have separated the triangular and steeply peaked C waves as C1 and the rectangular or rounded-rectangular waves as C2.
Biological Meaning of C2. A recent EPG study with smoke tree sharpshooters correlated C2 with electromyography of cibarial dilator muscle contractions and video observations of cibarial diaphragm movements (Dugravot et al. 2008) . It showed that C2 represents true ingestion, i.e., cibarial pumping and swallowing of ßuid past the true mouth (at the anterior end of the esophagus) (Snodgrass 1935) . They also demonstrated empirically for the Þrst time in EPG studies that streaming potentials, as hypothesized by Walker (2000) , are the biopotentials (emf component) that underlie the Þne structure of C2. In a C2 plateau, the initial voltage rise occurs during the onset of inward ßuid ßow, caused by the start of the diaphragmÕs muscular uplift. The ßat top of the plateau corresponds to the steady electrical state of ßuid ßowing inward (anteriorward) as the cibarium is Þlling, until the diaphragm reaches its maximum uplift. The rapid voltage drop at the end of the C2 plateau occurs as the diaphragm is released by its dilator muscles. Cuticular elasticity plus muscular release provide a strong force in the opposite direction. Due to a groove in the bottom of the sharpshooter cibarium and the abrupt curvature of the esophagus immediately after the cibarium (Snodgrass 1935; Almeida et al. 2005 ; E.A.B., unpublished observations), ßuid ßows posteriorward, and could be pushed either into the esophagus (i.e., swallowed), or back into the precibarium (the narrow channel that conveys ßuid from the stylet food canal to the cibarium; Backus and McLean, 1983) . Ordinarily, the closure of the precibarial valve would prevent ßuid backßow into the stylets (Dugravot et al. 2008, Backus and Dugravot 2009 ). Thus, cibarial Þlling and swallowing, the critical acts of ingestion, only occur during C2.
Biological Meaning of C1. The peaks of C1 are essentially the same as a C2 plateau but without the ßat top. Based on the directionality of streaming potentials described above, the rapid rise and fall of voltage during C1 is probably caused by a similarly rapid rise but immediate drop of the cibarial diaphragm, without Þlling the cibarium. Only a relatively small amount of ßuid would be taken up, probably insufÞcient for swallowing. Rapid release of the diaphragm would therefore propel ßuid backward into the precibarium and stylets, and thence into the plant. The amplitude of a C1 peak would be proportional to the degree of uplift of the diaphragm. Thus, higher peaks probably represent more forceful expulsion of ßuid from the stylets. We therefore propose the hypothesis that C1 is the waveform that represents egestion behavior, longsought by vector entomologists. Studies are underway to deÞnitively test this hypothesis.
Biological Meaning of B1s. Another recent correlation study using electromyography of the precibarial valve muscle shows that B1s represents muscular movements (termed ßuttering) of the precibarial valve (Backus and Dugravot 2009) . It was concluded that precibarial valve ßuttering sweeps ßuids previously brought into the precibarium back and forth across the two different sets of precibarial chemosensilla that are separated by the valve (Backus and McLean 1982 , 1985 Backus 1988) . Thus, B1s corresponds to tasting of the internal ßuids of the plant. This vital function explains why B1s (along with B1w; see below) is ubiquitous throughout the pathway phase of sharpshooter stylet penetration.
Biological Meaning of fB1w. Joost et al. (2006) correlated B1w with secretion of saliva into artiÞcial diet. Using input impedance 10 8 ohms, the current study was clearly able to distinguish between pathway-type B1w (smoothly humped and waved) and the higher frequency fB1w. Like B1w, fB1w is interspersed among B1s spikelet bursts but in the unique location of X waves. Therefore, fB1w represents salivation plus some presently unknown, invisible but rhythmically repeating behavior, occurring simultaneously. Research is underway to determine this additional phenomenon, unique to X waves.
Biological Meaning of G. Waveform G looks like a blend of B1s and C1 waveforms. We hypothesize that its appearance represents its meaning, i.e., simultaneous ßuttering of the precibarial valve and rapid uplift and downward push of the cibarial diaphragm. If so, then it could bring ßuids into the precibarium for brief tasting then expulsion. G apparently occurs outside of xylem when it directly follows pathway, but perhaps occurs in xylem when it directly follows C2. Regardless, it seems that the insect is resting with its stylets in the plant (during R) but occasionally tastes and expels ßuid.
Biological Meaning of Voltage Level Differences during Probing. The variations in overall voltage levels for sharpshooter probes could be due to the quality of wiring and/or other nonbiological factors that affect system voltage, such as electrode potential (Tjallingii 2000 , Walker 2000 . Alternatively, variation in voltage levels can also represent biological phenomena, as has been well demonstrated in EPG studies of aphids and other insects that probe intercellularly. If so, then voltage level variation during a probe may occur because of a combination of input impedance and recording/wiring conditions that make EPG more or less sensitive to emf components, thought to be the electrical origin of charge separation in aphids. When sharpshooters are recorded at input impedance 10 6 ohms, all signals are positive (Backus et al. 2005) . At 10 9 ohms, a majority of signals are negative-then-positive (Miranda et al. 2009 ). At the present 10 8 ohms, the best-wired insects often showed both negative and positive voltage levels. In aphids, negative voltage level is interpreted as intracellular stylet position, positive levels as extracellular (Walker 2000) . The interior of a mature, apoplastic xylem cell is also extracellular. Although sharpshooter pathway activities are intracellular, the presumed tightness of the salivary sheath seal into a xylem cell (to prevent cavitation, see below) may allow similar charge separation to be sustained during ingestion, indicating extracellular stylet tip position in xylem (Miranda et al. 2009) . If so, then researchers could consistently use C1 occurring at a positive voltage level to deÞnitively ascertain xylem penetration during pathway, as is proposed in the study of Brazilian sharpshooters by Miranda et al. (2009) . It is therefore provocative that C1 even during pathway XN is often positive in our study, supporting that xylem is Þrst penetrated during partial XN, not as late as XC. However, quality of charge separation may vary from probe to probe. Our Þndings show that voltage level variation does not occur in every sharpshooter probe, at least using an input impedance of 10 8 ohms. Unfortunately, it is not in the scope of this article to deÞnitively test whether C1 at positive versus negative voltage levels is correlated with xylem penetration. This hypothesis may be tested in future research. Thus, although voltage level variation is generally supportive of our waveform interpretations, it may not be as reliable as X waves in indicating xylem penetration during an individual probe. X waves are visible at all input impedances (10 7 , 10 8 , and 10 9 ohms), whereas voltage level shifts are most visible at 10 9 ohms (E.A.B., unpublished data).
Sharpshooter X Waves
Biological Meaning. Assembling the known and hypothesized information about the meanings of the waveform components of the X wave (above), we propose the following scenario for what occurs during the sharpshooter X wave. XN represents the earliest stages of sampling and acceptance of a (usually) xylem cell. C1 often, but not always, begins XN. We hypothesize that the insect takes up small amounts of ßuid into the precibarium and then quickly egests them out. This action would physically scrub out the precibarium of clogging microbes, bioÞlm, or plant precipitates that can block the proper functionality of the precibarial valve McLean 1983, Almeida and Purcell 2006) and chemosensilla, which have been shown to be necessary for judging acceptability of xylem cells (Backus and McLean 1985) .
It is known that during fB1w, sheath saliva is secreted and sculpted by the stylets (and perhaps also the rush of xylem ßuid, as stylets pierce the xylem cell) into a smooth seal that is conßuent between the outside and inside of the cell, forming a salivary sheath lining in the cell (Backus et al. 2005 , and references therein). We propose that the strength and durability of this stylet seal is critical for sharpshooters, as it is probably this seal that prevents occurrence of cavitation (formation of an air embolism in xylem that acts as a hydraulic signal for plant water stress, causing stomatal closure; Salleo et al. 2000) . A preliminary study of cavitation in relation to sharpshooter feeding, via EPG combined with magnetic resonance imaging of the plant, suggested that sharpshooters do not cavitate xylem cells (Perez-Donoso 2006) . Cavitation would preclude ingestion from a xylem cell, and therefore is the most challenging impediment in xylem for the sharpshooter to overcome.
Saliva secreted during fB1w must become mixed with xylem ßuid, because the food and salivary canals in sharpshooter stylets do not conjoin at the tips (Leopold et al. 2003) , as do those of aphids (Fereres and Collar 2001) . Thus, all saliva is Þrst ejected directly into the plant, and when ßuid uptake (during C1) occurs immediately after salivation (during fB1w), per force a mixture of saliva and plant ßuid must be pulled into the precibarium by cibarial diaphragm uplift (Dugravot et al. 2008) . That ßuid then would be swished across the precibarial chemosensilla by ßuttering of the valve (interspersed B1s bursts) (Backus and Dugravot 2009) . Valve ßuttering may also sweep some of this ßuid back out of the stylets, perhaps contributing to some egestion, as suggested by Backus et al. (2005) .
Thus, present evidence supports that C1-B1s-fB1w component waveforms of XN represent behaviors that work together in rapidly alternating sequence. These behaviors blend to accomplish multiple functions: 1) clearing out the precibarium for optimum tasting and pulling functionality, 2) sampling and tasting a mixture of xylem cell contents and saliva to judge acceptability of the cell, and 3) tightly sealing the stylet tips into the xylem cell to prevent cavitation and ensure stronger pulling against high xylem tension. It is likely that XN behaviors function in gustation of cell constituents and mechanosensation of xylem tension (via stylet proprioceptors; McLean 1982, Leopold et al. 2003) , tasks that are crucial for decision-making and, ultimately, xylem cell acceptance. Pathway XN represents tasting and rejecting of an unacceptable cell (nonxylem, or too-small or nonligniÞed xylem cell) followed by abandonment of that sheath branch. The XN portion of a true X wave represents tasting and accepting of an appropriate xylem cell, as well as steps taken to overcome the challenge of cavitation via build-up of the sheath saliva seal.
We hypothesize that mechanical testing of the salivary seal (via cibarial pulling and swallowing of xylem ßuid) is the likely function of the XC portion of a true X wave. During the Þrst one to four XC events, a xylem ßuid-saliva mix is again pulled into the precibarium and even more forcefully egested (C1 at the start of XC is usually the highest amplitude C1), probably further scrubbing the precibarium clean. This is probably necessary to fully free the precibarial valve and the basin around it, so that the valve can function as a pressure-sensitive check valve to allow proper swallowing McLean 1983, Dugravot et al. 2008 ). Several to a few dozen pulls of the cibarial diaphragm (C2 plateaus) are then performed, probably to test the strength of the stylet seal and the success of pulling against the high xylem tension. If the seal is strong, sustained ingestion can ensue. If the seal is weak, the insect returns to the XN behaviors to strengthen the salivary seal. Sometimes, one or two isolated true X waves are produced, followed by a pathway-like interruption when new sheath branches are made to new cells. This supports that a cell can be rejected even at the XC stage (probably based on mechanical criteria) and the sheath branch abandoned.
Do the Present Findings Meet the X Wave Criteria? The current study for the Þrst time identiÞes a hemipteran X wave as a landmark for penetration of a xylem tracheary element instead of a phloem sieve element. Although a Þrst, this is probably because no other xylem-ingesting hemipteran has been EPG-recorded and studied so extensively, before our work. To conclusively prove that our sharpshooter X wave is a marker for xylem ingestion, two criteria must be fulÞlled. First, all ingestion waveforms from histologically identiÞed xylem cells must be preceded by an X wave. Our Þndings strongly support this criterion. Second, all ingestion waveforms from identiÞed nonxylem cells must lack an X wave preceding them. Our Þndings are sparse on this point, because we have a sample size of one probe in which this occurred. We counter this argument, however, with our (and othersÕ) Þndings that Homalodisca spp. sharpshooters have very strong ingestion Þdelity to xylem cells; those that have been EPG-recorded are quite unerring in their ability to locate and accept those cells, although (as shown by the present results) on some hosts it may require considerable time and effort. Ingestion from nonxylem cells is a very rare event in those proconiine species, perhaps also in others. This idea can be tested by comparison of recordings of cicadelline sharpshooters, e.g., Graphocephala atropunctata (Signoret). Previous recordings of that species (Almeida and Backus 2004) found several putative ingestion waveforms that are quite different in appearance from C waveforms. At the time, the authors speculated that these might represent ingestion from phloem or mesophyll/parenchyma cells. Future studies can examine this possibility, to determine whether this last criterion for X waves is fully realized. Nonetheless, we maintain that the behaviors underlying the X wave components must be performed in all xylem cells; therefore, they are an appropriate justiÞcation for the X wave label.
Do the Present Findings Match the Present Concepts/Definitions of X Waves? Some may question whether the term X wave is appropriate for the sharpshooter host acceptance behaviors we describe here, because the details of sharpshooter behaviors differ from those of aphids, for whom X waves were Þrst named. Yet, the original X wave deÞnition was devoid of reference to underlying behaviors (McLean and Kinsey 1967) . It simply is a waveform that deÞnitively identiÞed ingestion (ultimately) from a phloem sieve element (Reese et al. 2000) . This deÞnition has been appropriately applied to several species of intracellular-probing, nonsharpshooter leafhoppers for many years (e.g., Wayadande and Nault 1993) , even though the behavioral details underlying those X waves may be different from both aphids and sharpshooters.
Aphid X waves represent a series of intracellular punctures (i.e., into the interior of sieve elements), during the aphidÕs intercellular mode of penetration, followed by salivation and stylet withdrawal back into the extracellular cell wall matrix outside the sieve element. Once the Þnal penetration into the sieve element has been made (in the middle of the last pd, or Þnal part of the X wave), E1 salivation into the cell commences, then eventually E2 ingestion. Sharpshooters, as intracellular probers, cannot go from an extracellular environment between cell walls to an intracellular environment within the cell; in fact, they do the reverse (Miranda et al. 2009 ). Also, the second half of the sharpshooter X wave represents ingestion in the cell, not salivation outside the cell. Despite these differences, there are broad similarities between aphids and sharpshooters in X wave-represented behaviors.
In general, X wave behaviors function to 1) sensorially test, judge, and accept the internal environment of a potential ingestion cell; 2) secure the styletsÕ Þrm attachment to the cell; and 3) begin overcoming the challenges to sustained ingestion presented by the cellular environment, i.e., cavitation of xylem cells for sharpshooters or callose plugging/chemical defense of sieve elements for aphids . Thus, the X wave represents a complicated, species-speciÞc repertoire of behavioral-physiological building blocks that represent that speciesÕ cell acceptance process, taking into consideration its mode of stylet penetration.
In an ecological consideration of the host acceptance process, the X wave represents the critical transitions from Þnding to accepting to consuming food (Miller and Strickler 1984) and is therefore crucial to each speciesÕ survival. This cell acceptance process is also crucial to the mechanisms of transmission of plant pathogens. We maintain that the X waveÕs chief utility is in allowing our recognition of these specialized cell-acceptance behaviors, in this broad behavioral and ecological sense. Understanding that, it should be possible to test whether every sheath-producing speciesÕ EPG recordings reveal an X wave. If so, then the X wave can be a tool for comparative behavioral studies of host acceptance and pathogen transmission behaviors in Hemiptera, ultimately leading to improved ecological and epidemiological modeling of many important pest species.
New Definition of the X Wave
We propose the following update for the X wave deÞnition. The X wave is a complex, multi-component, stereotypically repeating pattern of waveform types and subtypes whose species-speciÞc coarse and Þne structures are visible even in highly time-compressed EPG recordings. The X wave encompasses a transition among several waveform phases. A true (as opposed to partial) X wave represents stylet penetration of the preferred ingestion cell type for a vascular-specializing species, either phloem sieve elements or xylem tracheary elements. The stylet activities (either ingestion or salivation) that begin within the last X wave and proceed from it occur in the vascular cell penetrated during the X wave.
Not every EPG researcher studying a new species has time to similarly tease apart the Þne-structure correlations for every waveform type within the X wave, to build such a bottom-up approach as we have demonstrated here. Our work is intended to provide a model that can be relied on for a more top-down approach that is warranted in such cases. Nonetheless, based on the evidence here, we advocate restored use of the X wave concept.
Implications for the Inoculation Mechanism of X. fastidiosa
It has been known for many years that the xylemlimited bacterium X. fastidiosa, the causative agent of PD, is the only known noncirculative yet propagative plant pathogen transmitted by an insect vector (for review, see Almeida et al. 2005; Backus et al. 2005 , and references therein). This is because X. fastidiosa forms dense mats of bacterial bioÞlm in the precibarium and cibarium of sharpshooters and other xylem ßuid-ingesting hemipterans (Brlansky et al. 1983, Almeida and Purcell 2006) . Bacteria are inoculated directly into xylem cells during some until-now unknown part of the stylet penetration process, but which all researchers agree probably involves the precibarial valve (Backus and McLean 1983 , Brlansky et al. 1983 , Purcell 1989 , Backus et al. 2005 , Almeida and Purcell 2006 .
We hypothesize that the sharpshooter X wave represents the "insect-associated probing behavior responsible for inoculation events" (Chatterjee et al. 2008) or the inoculation behavior for X. fastidiosa, because: 1) the X wave is strictly associated with xylem; and 2) it has been correlated with (or hypothesized to represent) all behavioral building blocks likely to be involved in inoculation, including movements of the precibarial valve and cibarial diaphragm which must be the sole means of propelling egestion of plant ßuids. Furthermore, based on these biological meanings, we propose a new hypothesis for one mechanism of noncirculative pathogen transmission by in-sect vectors: the ingestion-(salivation and egestion) hypothesis (Backus 2007) .
As in all other hypotheses for vector transmission, ours accepts that the acquisition portion of transmission is via ingestion from infected plant cells. Our new idea is that one mechanism of inoculation can be via a combination of salivation and egestion. Thus, we unify the existing two hypotheses, the ingestion-egestion hypothesis (Harris, 1977, Harris and Harris, 2001) and ingestion-salivation hypothesis (Martin et al. 1997 ; both hypotheses reviewed in Fereres and Collar 2001) . SpeciÞcally, we propose that the saliva brought into the precibarium during the X wave not only acts as a solvent for plant chemical cues for gustation by the precibarial chemosensilla but also acts enzymatically to break down the adhesive properties that bind X. fastidiosa cells to the cuticular intima of the precibarium (Chatterjee et al. 2008) . Once the bacteria have been loosened from their mooring on the cuticle, they are then swept out the stylets by the combined movements of the precibarial valve and cibarial diaphragm.
Our hypothesis is supported by the recent, intriguing Þnding of Ramirez et al. (2008) that 40% of salivary deposits made by X. fastidiosa-inoculative glassywinged sharpshooter during labial exploration of a hard surface contained X. fastidiosa bacteria. However, frequency of X. fastidiosa detection was not correlated with titer of X. fastidiosa in the heads. Salivation during surface exploration is thought to dissolve plant epidermal compounds for subsequent uptake and tasting by the precibarial chemosensilla (Backus 1985) .
Recent observations show that glassy-winged sharpshooter salivates as a reßex response to physical stimulation of the labium and other facial surfaces (Alhaddad 2008) . Therefore, the only plausible explanation of the X. fastidiosa Þndings by Ramirez et al. (2008) is that saliva is secreted during surface exploration and then is taken up to the precibarium. There, it may dislodge a few X. fastidiosa bacteria from what could be a large or small colony in the precibarium and cibarium. The salivaÐ bacteria mixture is then egested out the stylets to mix with freshly secreted saliva.
Several research projects in the Backus laboratory are currently testing key aspects of our ingestion-(salivation and egestion) hypothesis with H. vitripennis and X. fastidiosa. Ultimately, these Þndings will be used to develop 1) a comprehensive model of the role of feeding behavior and physiology in X. fastidiosa transmission efÞciency; and 2) a stylet penetration index (Serrano et al. 2000) , an experimental technique for rapid, nondestructive screening of host plants to analyze natural or transgenic resistance to vector inoculation.
